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4 
Introduction 
 
It is well known that the surface geology is one of the dominant factors that affect the amplitude, 
duration, and frequency content of strong ground-motion.  
Studies of historic and recent earthquakes have indicated that the local amplification of the strength 
of the observed seismic waves can be correlated with the surface topography, with sedimentary sites 
and with strong lateral discontinuities. In fact, these local geological effects, known as "site effects", 
can amplify or deamplify the seismic ground motion, producing difference in shaking intensity 
(Bard et al., 1988; Bard and Bouchon, 1985).  
During both the 1906 San Francisco earthquake and the 1989 Loma Prieta seismic event, for 
example, local amplification over soft soils was responsible for intensity variations as large as two 
degrees. Nearly all recent destructive events like Michoacan, Messico 1985, Spitak, Armenia 1988, 
Iran 1990, Philippines 1990, Northridge 1994, Kobe 1995 and so on, have had dramatic evidence of 
site effects. As a consequence, seismologists and engineers have conducted many studies to 
quantify how the seismic energy is modified and how the engineering structures will behave during 
strong ground shaking.  
The estimate of the contribution of surficial geology, particularly soft sediments, to the 
amplification of ground shaking has become a necessary requirement in seismic hazard reduction 
programs and also a fundamental component of regional seismic hazard maps. However, the 
characterization of ground shaking in terms of local site conditions is not an easy task, because of 
the different geologic materials and irregularly shaped earth structures formed by weathering, 
erosion, deposition and other geological processes near the surface of the earth (Aki, 1988). 
At the present time, many techniques are available to evaluate the site effects: experimental 
methods, empirical methods, numerical simulations, and statistical analysis of existing 
accelerometric data. Each technique presents its own advantages and limitations. Numerical 
simulations, for example, allow the analysis of different parameters and the calculation of 
theoretical modeling for a large sample of possible input motions. Such an approach, however, 
requires an exhaustive understanding both of the geotechnical information of each site and of the 
sophisticated numerical analyses. The empirical approaches are instead based on the study of weak 
or strong motion data, recorded on sites with different local geology. These methods, very popular 
in regions of moderate to high seismicity, use the spectral ratios of earthquake recordings relative to 
a firm rock site, known as the "reference site” (Borcherdt, 1970). The spactral ratio method assumes 
that recordings from the reference site contain the same source and propagation effects as records  
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from the other sites. Therefore, the differences observed between sites are explained as being due to 
local site effects.   
However, as underlined by several authors (Field and Jacob 1995, Boatwright et al., 1991, 
Harmsen, 1997a), identifying and separating source and site effects, is the greatest impediment to 
the spectral analysis of low and moderate magnitude earthquakes.  
Andrews (1986), proposed a general inversion scheme to decompose the body-wave spectra into 
source, site and propagation components. Since the site amplification at a reference site is set to 
unity, this method provides results comparable with those obtained by the traditional spectral ratios.  
However, the application of such a procedure can present some problems. A reference site is not 
always available and, as shown by recent studies (Archuleta and Steidl, 1998; Steidl et al., 1996), 
reference sites may not have a completely flat amplitude response. For these reasons, a number of 
alternative methods that do not rely on a reference site, have been developed.  
The first one employs the generalized-inversion method proposed by  Boatwright et al. (1991), 
where shear-wave spectra are represented with a parameterized source, path-effect model and site-
response term for each site. The source parameters for each event, the path-effect terms and the site 
effect for each site are inverted simultaneously, in the least-squares sense.  
The Nakamura technique, instead, is based on the calculation of the spectral ratio between the 
horizontal and vertical components (H/V) of recorded ambient seismic noise (Nakamura, 1989; 
Bard, 1997), while the method proposed by Lermo and Chavez-Garcia (1993) involves dividing the 
horizontal-component shear-wave spectra at each site by the vertical-component spectrum observed 
simultaneously at that site (Langston, 1979; Field and Jacob, 1995). 
Recently, the very large number of observations on the effects of soft soil on seismic response, has 
allowed researchers to develop empirical relations between surface geology and various 
measurements of an earthquake ground motion. These relationships, derived when information on 
both the earthquake observations and the surface geology are available, are very important because 
they can be applied to other locations, where only the surface geology is known. Additionally, 
several attempts have been made to obtain precise relationships between surface geology and local 
amplification factors. A simple method to evaluate the site conditions in ground-motion analyses 
and in earthquake scenario studies, is to use the shear-wave velocity in geologic units to develop 
site classifications. This technique allows an unambiguous classification of sites based on only  
parameter (Borcherdt, 1970; Joyner and Fumal, 1985; Boore et al., 1993). Shear-wave velocity is an 
effective measure of the quality of the foundation soil because it’s dependent on basic physical 
properties such as density, porosity and degree of compaction of the materials through which the 
seismic waves propagate. To such purpose, many drilling programs were conducted in several areas  
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to establish important correlations between seismic response and average shear-wave velocity of 
various geologic units ( Borcherdt, 1994).  
Joyner et al. (1981) have proposed that the design of structures can be based on the physical 
properties of the upper 30 m of soil, so that the average shear-wave velocities in the upper 30 m can 
be used as an indicator of the site response. Several authors (Boore et al., 1994; Boore and  Joyner 
1997) have based their ground motion regression on this concept.  
The classification schemes specified by recent code provisions of the “Design recommendations for 
earthquake resistance of structures”, such as NEHRP Provisions, 1997 UBC and EC8, make use of 
site classes, with each site class being assigned according to a simple parameter, such as the average 
shear-wave velocity of the top 30 m (Vs30), and the site dominant periods. 
More recent works on the shaking response based on the surface geology type, provide site-
category maps, where the geologic units have been grouped into several classes with similar Vs30 
values (Tinsley and Fumal, 1985). In that contest, Borcherdt (1994) has used the consistent relations 
between seismic response and various geologic units to find geologically-based, frequency and 
amplitude-dependent site corrections for future earthquake scenario studies. Those factors can be 
included into a probabilistic seismic hazard assessment to reach an improved estimate of ground 
motion that considers the effects of local site conditions.  
 
The fundamental goal of this thesis is to provide an uniform site classification for the Campania-
Lucania region (Southern Italy). Estimates of the site response were obtained applying experimental 
methods and empirical correlations based on the surface geology. The final results were compared 
to evaluate the accuracy of each method given the current level of information.  
In order to introduce the role of geology in seismic hazard estimates at local scale, the available 
information about age, density and shear-wave velocities have been used to create some generalized 
sites classes, according to the European norm, Eurocode8 (EC8). These geologic information have 
been transferred on the 1:250,000 scale regional geologic map, where several geologic units with 
similar seismic response, were grouped together. The resulting map, built according to a simple 
classification proposed by Park and Ellrick (1998), subdivides the surface geology in four 
categories: Quaternary sediments (Q), Quaternary-Tertiary volcanic rocks (V), Tertiary sediments 
and soft rocks (T), and Mesozoic hard rocks (M). 
In this thesis, 106 earthquakes with Ml magnitude ranging from 1.5 to 3.5 were analyzed using 
recordings from 22 seismic stations of the Irpinia Seismic Network (ISNet).  
In order to identify possible site effects at each seismic stations of the ISNet network, the stochastic 
simulation technique proposed by Boore (1983) has been used, to simulate ground motions  
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expected for a set of earthquakes having a specified magnitude and fault-station distance. Specific 
values of stress-drop and attenuation terms have been used to account for the tectonic features of the 
region of interest.  
At each station, the observed peak ground-motion values (PGA and PGV) were compared with the 
simulated ones. In the hypothesis of a correct simulation of both source and propagation effects, 
using a large dataset, the residuals computed at each station provide a first-order measure of the site 
effect.  
The residual values found by our analysis, were all different from zero. This important result 
suggests that the material properties near the surface in the Campania-Lucania region, can produce 
large modifications of the selected parameters. 
Therefore, once the presence of site effects was verified, the site responses were computed using 
non-reference site methods. The shear-wave spectral records, corrected for the propagation path 
effect, were inverted using a non-linear inverse procedure based on the Simplex algorithm. The 
inversion starts by choosing a Brune’s source model (1970) for each seismic event. Then, each 
source model divides the corresponding corrected amplitude spectrum of every event. This gives the 
site effect (Moya at al., 2000). Assuming that the site effects at any given site are the same, 
regardless of the seismic event, the average and the normalized standard deviation are finally 
calculated. In our instance, it was observed that site effects for stiff and soft sediments showed 
deamplification in the high-frequency range, while in rock sites they showed significant 
amplification for frequencies higher than 4-5 Hz. 
The results of the inversion technique were compared with those computed using the horizontal-to-
vertical (H/V) ratios for earthquake data. In most of cases, the site responses obtained with the two 
techniques were found to be similar in shape. Both methods were consistent in estimating the 
fundamental resonance frequency, even if the levels of amplification were very different. In 
particular, the lower level of amplification obtained by the H/V ratios at frequencies higher than the 
fundamental one, was due to the presence of converted waves.  
Many authors agree that the H/V spectral ratio method gives only partial information on the site 
effects, such as the fundamental resonance frequency, while it does not yet an accurate estimate of 
the amplification factors, because of the unknown source and propagation effects (Lermo et al., 
1993; Lermo et al., 1994). As a consequence, at each station, the site-amplification spectra obtained 
through the inversion method, were averaged within three frequency bands: the first-frequency band 
(Ib) from 1 to 5 Hz,  the second-frequency band (IIb) from 5 to 10 Hz, and the third-frequency band 
from 10 to 20 Hz (Hartzell, et al., 1996a; Hartzell, et al., 1996b). 
In order to correlate these average spectral levels with the surface geology, three site-response maps  
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have been created, one for each frequency band, displaying the mean amplification values over the 
QVTM site conditions map. Significant correlations with the three frequency bands have been 
found, suggesting that spectral amplification at a site is also influenced by the nature of near-surface 
materials. In particular, a correlation was found between larger site-response factors and lower 
average shear-wave velocity in the upper 30. 
The maps represent the first attempt to produce estimates of site amplification for the Campania-
Lucania region based on recorded ground motions. In addition, these simple geologically-based 
frequency and amplitude dependent site corrections factors, can be used to generate separate maps 
of the spatial distribution of peak ground motions (acceleration and velocity) as well as a maps of 
the instrumental seismic intensity. These maps, named as ShakeMap, provide information about the 
shaking for damaging earthquakes, useful to plan the emergency response, to estimate the losses, as 
well as to inform the pubblic (Wald et al., 1999). 
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1. 
Local effects on strong ground motion: main characteristics 
 
1.1. Introduction 
 
It has been recognized for a very long time that local site conditions can profoundly modify the 
main characteristics of strong ground motion (amplitude, frequency contents, and duration). Mallet 
(1862), for example, noted that the intensity of ground shaking in the 1857 Neapolitan earthquake 
was related to geologic surface conditions. Gutenberg (1927) was the first one to develop site 
amplification factors from recordings of microseisms at sites with different soil conditions. But, 
despite considerable evidences of the existence of site effects, provisions, specifically accounting 
for local site responses, did not appear in building codes until the 1970s. However, the broad 
availability of strong-motion instruments, has allowed local site effects to be measured and studied 
quantitatively in recent years. 
The main local geologic factors that can affect the level of shaking experienced during earthquakes, 
are the surface topography, the basin geometry, and the geometry and the physical properties of the 
subsurface deposits.  
The basic physical phenomena responsible for the site effects are briefly described in the following 
sections. 
1.2. Surface topography effects 
 
Evidences of topographic effects abound in literature. It has been often observed after destructive 
earthquakes, that the largest damages were found in correspondence of villages built on hill tops. 
Examples of such observations may be found in Brambati et al., 1980 (Friuli, Italy, 1976 
earthquake), Siro, 1982 (Irpinia, Italy 1980 earthquake), and Celebi, 1987 (Chile, 1995 earthquake). 
There are also very strong instrumental evidences of topographic effects. Perhaps the best known 
example is that of some peak horizontal accelerations of about 1.25g, recorded during the 1971 San 
Fernando earthquake (Mw 6.6). These values, considerably larger than those expected for an 
earthquake of this magnitude, were ascribed to a topographic effect. In fact, since the accelerograph 
was installed at the top of the rock ridge, a large part of the recorded high peak accelerations was 
associated to the dynamic response of the ridge (Trifunac and Hudson, 1971).  
Although many theoretical and numerical models have been developed, the study of topographic  
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effects is to this day, a complicated problem. In fact, the interaction of the seismic waves can 
produce a complex pattern of amplification and deamplification, depending on the topographic 
features and on the characteristics of the incident wavefield (wave type, frequency contents, 
incidence and azimuth angle). 
Basically, the topographic effects can be connected to three physical phenomena: 
1. the sensitivity of the surface motion to the incidence angle, usually large for SV waves 
around the critical angle. This effect was observed by Kawase and Aki (1990) and analyzed 
during the 1987 Whittier Narrows, California earthquake (Ml 5.9); 
2. the focusing or defocusing of seismic waves reflected along the topographic surface. Aki 
(1988) and Sanchez-Sesma (1990) estimated these topographic effects considering a simple 
example with a wedge-shaped medium. For a triangular infinite wedge subjected to 
vertically propagating SH-waves, the apex displacements are amplified by a factor 
2π/φ, where φ is the vertex angle of the wedge;  
3.  the diffraction of body and surface waves which propagate downwards and outwards from 
the mountain tops, leads to interference phenomena between the direct and diffracted waves 
(Pedersen et al., 1994).   
 
1.3. Basin geometry effects 
  
The effects of basin geometry on ground motion are of great interest in geotechnical earthquake 
engineering. In fact, most urban settlements are located on or near alluvial valleys featuring young 
and soft deposits. The shape of a basin can trap the body waves and can cause some incident body 
waves to propagate through soft sediments as surface waves. These waves, subjected to multiple 
reflections along the edges, can produce stronger shaking and longer duration than those produced 
by S-waves.  
Significant differences between the amplification functions at the center and edges of a valley have 
been observed in different earthquakes (e.g., Caracas 1967, San Fernando 1971, and Leninakan 
1988). Additionally, many theoretical studies and analytical approaches (Bard and Gariel, 1986) 
have indicated that for alluvial valleys of irregular shape, the resulting ground motion can be very 
complex, even chaotic.   
The potential differential ground motion across alluvial valleys, has important implications on the 
design of structures that are more sensitive to low frequency signals such as bridges or pipelines 
that often cross valleys. Differential movements can induce large loads and cause heavy damages.  
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1.4. Effects of soft surface layers: main characteristics 
 
The ground-shaking produced by an earthquake in a given site basically depends on the event 
magnitude, the source-to-site distance, and the local geologic conditions. When a fault ruptures 
below the Earth's surface, body waves travel away from the source in all directions. Since the 
earth's crust is not homogeneous, but it’s composed of a complex mixture of rocks and sediments of 
several types, as the waves reach the boundaries between different geologic materials, they are 
reflected and refracted. Near the ground surface, where the density and S-waves velocity are 
generally lower than in the materials beneath them, multiple refractions produce nearly vertical 
waves propagation. The fundamental phenomenon responsible for the amplification of the motion 
in soft soils, is the trapping of seismic waves, attributable to the impedance contrast between 
sediments and the underlying bedrock. The impedance contrast is defined as the ratio between 
density and S-waves velocity of different geologic materials.  
The analysis of one-dimensional ground response are based on the assumption that the soil and 
bedrock surface is extended infinitely in the horizontal direction and that the soil deposit response is 
predominantly caused by SH-waves vertically propagating from the underlying bedrock. Most 
methods commonly used to compute the response of systems with one-degree of freedom, are based 
on the use of transfer functions. Transfer functions can be used to express several response 
parameters, such as displacement, velocity, acceleration, from an input motion parameter such as 
bedrock acceleration.  
The bedrock motion (input) can be represented as a Fourier series. Each term in the Fourier series of 
the input is then multiplied by the transfer function to produce the Fourier series of the ground 
surface motion (output). Thus, the transfer function determines how each frequency in the bedrock 
motion is amplified, or deamplified, by the soil deposit. In the hypothesis of a uniform layer of 
isotropic soil overlying bedrock, the harmonic horizontal motion of the bedrock will produce shear 
waves traveling up and down in the surface layer (Figure 1.1).  
 
 
 
 
 
 
 
 
Figure 1.1. Linear elastic soil deposit of thickness H overlying a rigid bedrock. 
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The resulting horizontal displacement can be expressed as: 
 
                                                                                                                                                        (1.1)                    
 
where ω is the angular frequency of the ground shaking, k is the wave number, and A and B are the 
amplitudes of the waves traveling in the –z (upward) and +z (downward) directions, respectively.  
At the free surface (z = 0), the shear stress, and consequently the shear strain, must vanish, and thus 
A must equal B.  
The constructive interference of the upward and downward traveling waves produces standing 
waves of amplitude 2A cos kz, that have a fixed shape with respect to depth:  
                                                                        
                                                                                                                                                        (1.2)           
 
Equation (1.2) can be used to define a transfer function that describes the ratio of the displacement 
amplitudes at any two points in the soil layer. Choosing these two points to be the top and bottom of 
the soil layer, the transfer function is given by:  
 
                                                                                                                                                    (1.3) 
 
The amplification function is the modulus of the transfer function which indicates that the surface 
displacement is always at least as large as the bedrock displacement and, at certain frequencies, is 
much larger.  
Thus           is the ratio of the free surface motion amplitude to the bedrock motion amplitude.  
As ωH/VS approaches π/2 + nπ, the denominator of equation (1.3) approaches zero, which implies 
infinite amplification, or resonance. Therefore, the response of soft soil is strongly dependent upon 
the frequency of the base motion, and the frequencies at which great amplification occurs are 
related to S-wave velocities and the thickness of the soil layer.  
At frequencies that approach the fundamental frequency of a soil deposit, the transfer function 
begins to take large values. 
For one-layer 1D structures, the fundamental frequency is given by 
 
      
                                                                                       (fundamental)                          (1.4) 
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β
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The nth natural frequency of the soil deposit is given by:  
 
                                                                                                        (harmonics)                             (1.5) 
 
where β is the S-wave velocity in the surface layer, h is the thickness, and n is an integer number 
characterizing the harmonic order.  
The period of vibration corresponding to the fundamental frequency is called the characteristic site 
period, 
 
                                                                                                                                                        (1.6) 
 
The characteristic site period depends on the thickness (H) and S-wave velocity (β) of the soil. It is 
a very important parameter because provides a useful indication of the period of vibration at which 
the most significant amplification can be expected. 
It's possible to compute the site amplification using the quarter-wavelength approximation 
described by Boore and Brown (1998). That method estimates the amplification for a specific 
frequency, by calculating the impedance contrast between near-surface materials at a depth 
corresponding to a quarter of the wavelength, and using the material properties of the underlying 
bedrock. The amplitude is also associated to the characteristics of the wavefield (type of waves, 
angle of incidence, etc.).  In the case of waves with vertical incidence, the maximum amplification 
reduces to: 
           
                                                                                                                                      (1.7) 
 
 
In equation (1.7) ρr and  βr  are the density and shear-wave velocity averaged from the surface to a 
depth corresponding to a quarter of the wavelength, and ρ and β are the density and velocity at the 
reference depth. 
 
 
ρβ
βρA(f) rr=
( ) 0n f12nf ⋅+=
β
4HTs
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2. 
Development of a map of geologically defined site-condition classes 
for the Campania-Lucania region (Southern Italy) 
 
 2.1.   Introduction 
 
In order to include site effects into regional hazard mapping, detailed site classifications must be 
developed so that the levels of site response within the same site class are similar.  
Predicting ground shaking over a region in future earthquake scenario studies, typically involves 
empirical attenuation relations for a specific site class. Therefore, the existing relations must be 
adjusted, or new attenuation relations must be developed, in order to take into account potential 
modifications of ground shaking produced by site-specific conditions.  
One of the classification schemes specified in engineering design codes, is based on measured 
geotechnical parameters, geological observations, and the natural periods of surface soil layers at 
the sites.  
In recent years the shear-wave velocity (VS) in the shallow subsurface materials, has become an 
important parameter to define site classifications and to predict spectral-amplification values.  
VS is an effective measure of the quality of foundation soils, because it is dependent on basic 
physical properties such as density, porosity and degree of cementation of the materials through 
which the seismic waves propagate. Consequently, several relationships have been derived to 
provide rough estimates of VS. Joyner et al. (1981), for example, have suggested that the site 
conditions can be characterized by calculating the shear-wave velocity at a depth equal to one 
quarter of the wavelength of the period of interest. Using the mapping units and the observed 
variations of VS with age, grain size and depth, Fumal and Tinsley (1985), have assigned an average 
shear-wave velocity to each geologic unit within a test area. Though the need to have detailed 
subsurface information, makes the quarter-wavelength method difficult to apply.  
Recent works have recommended alternative methods that simplify the use of VS in ground motion 
predictions. Borcherdt et al. (1991) and Joyner and Fumal (1985), for example, have suggested that 
site conditions can be classified on the basis of the average shear-wave velocity to a depth of 30 m 
(Vs30), in agreement with the typical depth that can be reached with drill rigs in a single day. In this 
way, sites are classified unambiguously by only one parameter. 
Furthermore, Borcherdt (1994) has used consistent relations between seismic response and the  
various geologic units, to find site dependent amplification factors based on Vs30. These site 
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amplification factors based on Vs30, have been included in attenuation equations (Boore et al., 1993) 
in order to generate predictive maps of strong ground shakings in earthquake hazard mitigation 
programs and to create automatic maps of the spatial distribution of peak ground motions for any 
significant earthquake. 
Park and Elrick (1998) have used age units shown on geologic maps, and measured Vs30 as a 
starting point to classify geologic materials in Southern California. In particular, they have 
characterized three general categories with similar Vs30 values: Quaternary sediments (Q), Tertiary 
sediments and soft rocks (T), and Mesozoic hard rocks (M), which were chosen to correspond to the 
site-conditions terms in ground-motion attenuation equations. 
Recent code provisions for buildings and other structures (1994 and 1997 NEHRP Provisions, 1997 
UBC, Eurocode 8, or EC8, 2003), have defined site classifications based on a Vs30 value or range, 
and on site dominant periods. 
This thesis presents a map of geologically defined site-condition classes for the Campania-Lucania 
region (Southern Italy). The site-conditions map has been prepared following the main rules 
proposed by Park and Elrick (1998). The geologic formations from1:250,000 scale regional 
geologic map, have been classified into groups with similar age, grain size and correlated with 
shear-wave velocity categories proposed into Building codes. Because of the wide coverage of the 
map, and of the lack of VS profiles in most geologic units, a simpler scheme of classification based 
on European code provisions (EC8) has been followed. Only four general categories have been 
grouped: Quaternary sediments (Q), Quaternary-Tertiary volcanic rocks (V), Tertiary sediments and 
soft rock (T), and Mesozoic hard rocks (M). These categories have been overlapped on a 1:250,000 
scale regional geologic map, tracing only the geologic contacts that separate units of different 
categories.  
It is clear that more shear-wave velocity measurements and more detailed geologic mappings are 
necessary to develop more shear-wave velocity categories. However, the statewide the site 
classification map provides a first approximation of shallow materials properties that can be used as 
are or in conjunction with other factors, to calculate probabilistic seismic hazard programs. 
 
2.2. Geological setting of the Campania-Lucania region - Southern 
Appenine  
 
The Southern Appenine chain is a Neogene east-verging thrust belt formed as the result of the west-
dipping subduction of the Apulian-Ionian lithosphere (Doglioni et al., 1996). The belt is associated  
with the Tyrrhenian back-arc basin to the west and with the Bradano foredeep to the east. During 
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the middle Miocene-upper Pliocene, several compressive tectonic phases associated with the 
collision between the African and European margin, have determined thrusting and piling of 
different units toward stable domains of the Apulo-Adriatic foreland. From late Tortonian to 
Quaternary, all the system rapidly migrates “eastward” as a consequence of the retreating of the 
sinking foreland lithosphere (Patacca and Scandone, 1989, Patacca et al., 1990; Pescatore et al., 
1999).  
The structural complexity of the Campania-Lucania region, is due to different paleogeographic 
domains involved in the Southern Appenine thrust belt building. The basinal facies terrains have 
been involved in ductile deformations, while the carbonate platform sequences in brittle 
deformations. In addition, the deformation did not proceed cylindrically but it was characterized by 
out-of-sequence thrust-propagation processes (Roure et al., 1991).  
During the upper Pliocene-lower Pleistocene, the tectonic evolution has determined the mountain 
chain subdivision into the NNW-SSE-trending Molise-Sannio, and the WNW-ESE-trending 
Campania-Lucania region. Afterwards, in the Middle-Pleistocene, the Southern Appeninic wedge 
has uplifted and involved in a NE-SW extensional tectonic event. This stress regime has determined 
the development of large extensional and transtensional structures and it is still active and 
responsible of the present-day seismicity of the Southern Appenine region (Anderson and Jackson, 
1987). 
The main units in outcropping in the Southern Appenine can be grouped in four belts. From east to 
west the following units outcrop area can be identified as (Figure 2.1):  
1. successions with basinal to marginal facies, in age from Cretaceous to Miocene, tectonically 
lying on Plio-Pleistocene foredeep deposits;  
2. successions with shallow-water, basinal and shelf-margin facies, ranging in age from middle 
Triassic to Miocene (‘Lagonegro units’), overthrust on the previous ones;  
3. Triassic to Miocene carbonate platform successions (‘Apenninic platform units’), overthrust 
on the Lagonegro units;  
4. Jurassic–Cretaceous to Miocene deep-water successions (ophiolite or ‘internal’ units and 
associated siliciclastic wedges), outcropping on the Tyrrhenian belt and the Calabria–
Lucania boundary, overthrust on the Apenninic platform units.  
All these units tectonically lie on the buried Apulian platform. Moreover, volcanic rocks are 
extensively diffused in the Campania-Lucania region. The main volcanic vents are: the Campi 
Flegrei, an active volcanic complex located on the eastern border of the region, the Somma-
Vesuvio, an active volcano in the central area, and the Vulture a not active volcano located on the 
western border of the region. 
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Figure 2.1. Geological map of Southern Italy (Bonardi G., B. D’Argenio, and V. Perrone – 74° Congress of the 
Geological Society of Italy). 
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2.3. Historical and recent seismicity  
 
The Southern Appenine is an active tectonic region of Italy that accommodates the differential 
motions between the Adria and Tyrrhenian microplates, to which almost all of the seismicity 
occurring in this region can be ascribed.  
Most of the earthquakes of the Campania-Lucania region are located into the narrow upper-crustal 
seismic zone (30-50 km). In particular, two different clusters of crustal earthquakes are identified: 
the westernmost with shallow earthquakes (depths < 20 km) centred on the axis chain (Irpinia area) 
and the easternmost with deeper earthquakes (about 20-40 km) located on the outer margin of the 
chain (Potentino area) and the foredeep. These earthquakes have different focal solutions indicating 
a pure extensional regime, to the west (Irpinia area), and strike-slip regime, to the east (Potentino 
area). Moreover, it is possible recognize a third zone, located within the Appeninic chain from the 
Vallo di Diana to the Agri Valley, characterized by low seismicity (Figure 2.2a).  
Historically, the Southern Appenine has experienced numerous large disastrous events, among 
which there are those that are occurred in 1694, 1851, 1857 and 1930, with the most recent event 
represented by the Irpinia earthquake (23 November, 1980, M 6.9), that resulted in about 3.000 
deaths and huge damage (Westaway and Jackson, 1987; Bernard and Zollo, 1989).  
The locations and magnitude of the historic earthquakes retrieved from the Catalogo dei Forti 
Terromoti in Italia (CFTI) (Boschi et al. 1997) are shown in Figure 2.2b.  
More recent studies indicate that the 1980’ faulted area is currently interested by an intense seismic 
activity with the occurrence of low to moderate events. In the recent past, moderate magnitude 
events are also occurred within or near at border of the multiple fault systems, the 1990 and 1991 
Potenza earthquake (M 5.4 and 5.1 respectively), and the 1996 event (M 4.9). This recent seismicity 
indicates that the Campania-Lucania region has a high probability of occurrence for M ≥ 5.5 
earthquakes, and therefore represents a region with a high seismic risk level also for the future 
(Cinti et al., 2004).  
Recordings of small to moderate size events located in the fault zone, can be used to produce study 
aimed at understanding and modeling the physics of the site effects at local and regional distances, 
that can be used for computing reliable deterministic and/or probabilistic strong ground motion 
scenarios for moderate to large magnitude events occurring in Irpinia area (Zollo et al., 2004). 
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Figure 2.2a). Map of recent instrumental seismicity with M > 2.5 recorded by the INGV in the period 1981–2002 
in the region defined by the dashed rectangle. Dimensions of the circles are proportional to magnitude. The 
black lines represent the surface projection of the three fault segments that broke in the 23 November 1980 
earthquake (M 6.9) (Weber et al., 2007). 
 
2.2b). Locations of the main historical earthquakes retrieved from the CFTI database within the region defined 
by the dashed rectangle. The box dimensions are proportional to magnitude. The best-constrained historical 
earthquakes are reported along with their date of occurrence (Weber et al., 2007). 
 
2.4. Site-conditions map for Campania-Lucania region 
 
One motivation of this thesis is to provide a site-conditions map for the Campania-Lucania region, 
based on surface geology and on shear-wave velocities. In order to generate a site-conditions map 
for use as a VS category map, it is important to select an appropriate geologic map.  
The most detailed available geologic maps are, usually, at 1:25,000 scale. Commonly, geologic 
maps show units that are distinguished by their ages, lithologies, grain size, and other factors that 
may be correlated with VS. Although the most detailed geologic mapping may provide a better site-
conditions map, it was chosen to use a larger albeit less detailed map in order to completely cover 
the region of interest with a single map. Thus, the site-conditions map for the Camapani-Lucania 
region, has been digitized and generalized from a 1:250,000 scale regional map.  
In general, a digital site-conditions map is generated grouping geological formations of similar age 
and physical properties (grain size, density, and shear-wave velocity), as proposed by Park and 
Elrick (1998). 
The geologic units shown on the 1:250,000 scale geologic map of the Campania-Lucania region 
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(Bonardi et al.), were sorted into four different categories on the basis of lithological and age 
criteria. The resulting four classes, that are expected to have similar VS, are: Quaternary sediments  
 
(Q), Quaternary-Tertiary volcanic rocks (V), Tertiary sediments and soft rock (T), and Mesozoic 
hard rocks (M).  
In order to compile a digital site-conditions map, the four categories (QVTM) have been overlapped 
on the 1:250,000 scale regional map, tracing only the geologic contacts that separate units of 
different categories. The resulting QVTM map (Figure 2.3) is an extension of the geological 
classification proposed by Park and Ellrick (1998), because of the presence of volcanic rocks 
widely spread in the studied region.  
 
 
 
Figure 2.3. The QVTM site-conditions map. 
 
In order to develop a VS site classification, it is necessary to assemble a database of VS profiles, and 
use VS30 to characterize each site class. 
The fundamental complication with this approach is that shear-wave velocities are only measured at 
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discrete points, and some method of extrapolation is necessary for any point other than the sampled 
ones. Sometimes, there are too few measurements in a given geologic unit in order to adequately 
characterize its response. Or two geologically distinct units may have similar velocity distributions 
and thus exhibit similar responses.                                                                                                      
Many efforts were devoted to collect enough geotechnical information to assemble a database of VS 
profiles for the Campania-Lucania region. Data concerning VS profiles as a function of depth and 
density values for each layer, were obtained from geological, geotechnical and geognostic data, 
when available.  
For a profile of soil or rock, the representative average Vs30 is, generally, computed from the time 
taken by the shear-wave to travel from a depth of 30 m to the ground surface: 
                                                                                                                                                                                    
                                                                                                                                                        (2.1) 
 
                                                                         
where hi  and Vi denote the thickness (m) and shear-wave velocity (m/s) of the ith formation or 
layer, in a total of N, existing in the top 30 meters. 
Since ideally all shear-wave velocity profiles must reach the depth of 30 m, it has been possible to 
calculate an average shear-wave velocity, using equation (2.1) only for sites with a depth of at least 
30 m. Moreover, because VS profiles have been measured in relatively few geologic units, at some 
sites the VS30 have been inferred from velocity measurements in near boreholes in similar materials 
at comparable depths. In other cases, VS30 values were instead extrapolated from measures at sites 
with similar age and materials.  
Regarding the volcanic area, density and shear-wave velocity data was extrapolated and collected 
from several published reports (Nunziata et a., 2004; Nunziata et al., 2006), since they were not 
available at the time of writing. Following these general rules, Vs30 value or range, has been 
assigned to each site class. 
Table 2.1 shows the assigned QVTM site classes to geologic units in outcrop in the studied region, 
according to the site classification proposed by EC8. The four categories were also defined by the 
VS30 and by the dominant site period. 
The dominant period has been estimated as four times the S-wave travel time in the soil layer, 
assuming that the site can be represented by a single soil layer, 30 m in width, with a constant shear-
wave velocity, to a first order approximation. The natural period value or range, is an important site 
descriptor because it provides a set of parameters of engineering interest, such as for example the 
spectral ordinates Sa(T), used to differentiate ground conditions in the seismic shaking hazard.  
∑=
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Ground Type Age Site Natural 
Period        
(sec) 
Vs 30 
(m/s) 
Subsoil class in 
EC8 
 
Carbonate platform 
successions 
Mesozoic T < 0.15  > 800 A 
Sediments, soft rocks and 
flysh deposit 
Tertiary 0.15 = T < 0.3 360-800 B 
Volcanic rocks Quaternary-
Tertiary 
0.12 =T < 0.3 360-1000 B 
Alluvium and gravel 
deposits  
Quaternary 0.3 = T < 0.6 180-360 C 
Very soft soils Quaternary T = 0.6 < 180 D 
 
Table 2.1. Site Class Definitions for the Campania-Lucania region and the corresponding EC8 Site Classes 
(2003) 
 
The site-conditions map for the Campania-Lucania region presented in this thesis, shows the 
general geologic categories alluvium, soft rock, and hard rock, which are correlated with the terms 
used in strong-ground motion attenuation equations.  
Unfortunately, because of lack of sufficient VS profiles for volcanic rocks and for Quaternary units, 
it has not been possible to break down these geologic units into more VS30 categories. Generally, 
volcanic rocks show extremely variable lithologies. Units such as basalt, (hard rocks but extensively 
fractured), and pyroclastic rocks (loose agglomerations of volcanic ash and cinders) are widely 
spread in the Campania-Lucania region.  
The Quaternary units, usually have highly variable velocity characteristics. They are subdivided on 
geologic maps into many formations according to grain size, density, porosity, and cementation. 
Therefore, special care should be taken when dealing with these ground type soils with typically 
very low values of VS, low internal damping and a non-linear behaviour, that can produce 
anomalous site amplification effects.  
Clearly, the site-conditions map for the Campania-Lucania region is expected to evolve as more 
shear-wave velocity measurements and more geologic data on Quaternary and Volcanic area 
become available in order to highlight significant variations in site response for mapped young 
sediments. However, resulting site-conditions map can be used to estimate the shaking over the 
Campania-Lucania region, by spatially interpolation ground motion recorded using frequency and 
amplitude dependent site correction factors based on surface geology. 
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3. 
Data selected  
 
3.1. Strong-Motion Data Set 
 
The seismic data used in the present work consist of earthquakes recorded in the Campania-Lucania 
region (Southern Italy) where, an advanced and dense seismic network, the Irpinia Seismic Network 
(ISNet) equipped with high dynamic instruments, has been recently installed (Weber et al., 2006). 
ISNet covers an area of approximately 100 km × 70 km along the Southern Apennine chain and is 
deployed around and over the active faults system that generated the November, 23 1980, Irpinia 
earthquake (M 6.9) (Figure 3.1).  
Recordings from 22 of the available seismic stations for 92 earthquakes (1.5 < Ml < 3.2) occurred 
between February 2006 and December 2007, were analyzed. Stations not considered in the analysis 
were discarded either because they had insufficient data or were not operating during the considered 
period. The waveforms have been recorded by the accelerometer sensors, Guralp CMG-5T, with a 
sampling rate of 125 Hz.  
In order to assign a geologically-based site classification to each station site, the seismic stations 
were displayed on the QVTM geologic map (Figure 3.2).  
On the basis of the QVTM site conditions map, it can be noted that the recording instruments are 
located on rock and stiff soil (Mesozoic and Tertiary age), and only one station, MVL3, is located 
on a volcanic area (Tertiary-Quaternary age).  
Since the MVL3 station wasn’t operating during the analyzed period, in order to characterize the 
site response in the volcanic area, 14 seismic events (1.5 < Ml < 3.2) have been used. These events 
occurred between February 2005 and January 2008, were recorded by the VULT seismic station 
(Trillium 40 seconds seismic sensor) from the Istituto Nazionale di Geofisica e Vulcanologia, 
(INGV network).  
Figure 3.4 displays the distribution of the events and stations used.  
Most of the seismic events have source depths between 2.4 and 30 km. The hypocentral distances 
ranging from 4.5 to 65 km, with 80% of the events within distances of 10 to 65 km. 
In order to be valid the far-filed approximation (Aki and Richards, 2002), a minimum hypocentral 
distance about 4 km has been imposed. 
Figure 3.5 shows an example of recording on the three components, at one of the analyzed ISNet 
stations, for the 5 February 2006 earthquake (Ml 3.2) occurred at 17:02:49.437 UTC.  
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Figure 3.1. The ISNet stations (blue triangles) installed around the Irpinia fault system (black lines).  
The VULT station belongs to the INGV network (red triangle). 
 
 
 
 
Figure 3.2. The QVTM site-conditions map. 
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Figure 3.4. Epicenters of the seismic events (stars), and the seismic stations (triangles). 
 
Figure 3.5. Example of recording at the LIO3 station for the 5 February 2006 earthquake (Ml 3.2 )  
at 17:02:49.437 UTC. 
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Figure 3.6 shows the number of events per magnitude range, and the magnitude distribution as a 
function of hypocentral distance, epicentral distance, and source depths. 
 
 
 
Figure 3.6. Number of events per magnitude range, and the magnitude distribution vs the hypocentral distance, 
epicentral distance and source depths. 
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4. 
Simulation of peak ground motion parameters using the stochastic 
simulation technique. 
 
4.1. Introduction 
 
A method for simulating ground motions has been carried out to verify the presence of the 
amplifications that the site effects induce on the incoming seismic wavefield. The selected method 
is the stochastic simulation technique proposed by Boore (1983). This method is widely used to 
simulate the higher-frequency ground motions (generally, f > 0.1 Hz), and to predict ground 
motions for region of the world in which recordings of motion from potentially damaging 
earthquakes are not available (Boore, 2003). 
The stochastic simulation technique proposed by Boore (1983), has its basis in the work of Hanks 
and McGuire (1981), who combined seismological models of the spectral amplitude of ground 
motion with the concept that high-frequency motions are essentially random (Hanks and Kanamori, 
1979; McGuire and Hanks, 1980; Hanks and McGuire, 1981). The method is referred as stochastic 
because uses a partially stochastic description of the source and propagation path. Generally, the 
simulated motions are those corresponding to the S waves, because, due to their effect on the 
structures, are the most important motions for seismic hazard.  
The method has been widely applied, and its effectiveness has been demonstrated and reported in a 
great number of references (Akinci et al., 2001; Anderson and Lei, 1994; Singh et al., 1999, 2002 
and so on). 
The fundamental ingredient is the amplitude spectrum of the ground motion at a specific distance 
and site condition. Assuming that this motion is distributed with random phase over a duration 
equal to the inverse of the lower corner frequency, the time series can be obtained by a time-domain 
simulation or by using random vibration theory. 
In the present thesis, the stochastic method has been used to simulate ground motions expected for a 
set of earthquakes having a specified magnitude and fault-station distance using specific values of 
stress-drop and attenuation terms to account for the of region of interest. The selected ground-
motion parameters are peak ground acceleration (PGA) and peak ground velocity (PGV). 
In order to identify possible site effects at each of the seismic stations of the ISNet network, for 
each recorded earthquake, the corresponding PGA and PGV were simulated. At each station those 
values are compared with those recorded. In the hypothesis of a correct simulation of both source  
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and propagation effect, using a large dataset, the residuals measured at each station provide a first-
order measure of the site effect.  
 
4.1. The basis of stochastic method: general overview 
 
The observed spectrum of the ground motion at a specific site, can be represented in the form of a 
simple equation (Iwata and Irikura, 1988):   
                                                                                                                                                                                   
                                                                                                                                                        (4.1) 
 
where S(f) is the seismic source, P(f) is the term of propagation path, G(f) is the site effects, and I(f) 
is the instrument or the type of motion. When the stochastic method has to be applied, all the 
spectrum terms in equation (4.1) must be specified. 
The most commonly used model of the earthquake source spectrum is the ω-square model, where 
both the shape and the amplitude of the source spectrum are specified as a function of earthquake 
size. For a constant stress-drop (Δσ), the dependence of the corner frequency (f0) on the moment 
magnitude (M0) is a constant (            = constant) and determines the scaling of the spectral shapes.  
Following the model proposed by Brune (1970), the corner frequency is given by: 
   
                                                                                                                                                        (4.2) 
 
where f0 is in Hz, βS is the shear-wave velocity in km/s, Δσ is bars, and M0 in dyne-cm. From the 
equation (4.2) the dependence of the corner frequency on earthquake size, can be observed. 
Although the ω-square model is widely used, other models can be used within the stochastic 
method. 
The next component that must be specified is the path effect. In most of the applications, the effects 
of the path are usually represented by a function that accounts for geometrical spreading, 
attenuation (combining intrinsic and scattering attenuation), and the general increase of duration 
with distance due to wave propagation and scattering effect. 
The simplified path effect for body waves, is given by the multiplication of the geometrical 
spreading and Q quality factor. The propagation-path effect, P(f), for the radiation of S-waves from 
a point source, has the following form: 
                                                                                                                                                        (4.3)                   
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where Z(R) is the geometrical spreading function, Q(f) is a frequency-dependent quality factor of 
the form Q(f) = Qo (f/f0)n, VS is the mean shear-wave velocity, and R is the source-to-site distance. 
Generally, R is taken as the closest distance to the rupture surface, rather than the hypocentral 
distance. According to Boore et al. (1997), R is given by: 
  
                                                                                                                                                        (4.4) 
 
where D is the closest distance to the vertical projection of the rupture surface onto the ground 
surface, and h is taken from the empirical results.      
Although the Fourier amplitude spectrum of the ground motion does not dependent on the duration, 
in the simulation of ground motion is included the distance-dependent duration. The ground motion 
duration is expressed as the sum of the source duration, which is related to the inverse of a corner 
frequency, and a path-dependent duration.  
Much effort are devoted into accounting for the modifications of the ground motion due to local site 
geology. In many cases, such as in the present thesis, the simulations from stochastic method are 
used for the prediction of motion at a generic site. In this instance, a simplified function can be used 
to describe the frequency-dependent modifications of seismic spectrum (Boore, 2003).  
The simplified function has the following form: 
  
                                                                                                                                                        (4.5) 
 
where A(f) is the amplification and D(f) is the attenuation. 
The Boore stochastic method deals with the site effects (G) as a function of the amplitude of 
shaking, but it does not account for nonlinear effects.  
The amplification can be given by the square root of the impedance ratio (ratio between density and 
S-waves velocity of different geologic materials) between the source and the surface. The form of 
the amplitude is given by: 
 
                                                                                                                                                        (4.6) 
 
where the impedance near the source (Zs) is given by: 
 
                                                                                                                                                        (4.7) 
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and ρs e  βs are the density and shear-wave velocity near the source. Z(f) is a function of frequency 
because it is a time-weighted average from the surface to a depth equivalent to a quarter 
wavelength. 
The attenuation, D(f) in equation (4.5), accounts for the path-independent loss of high-frequency in 
the ground motions. This loss may be due to a source effect, as suggested by Papageorgiou and Aki 
(1983b), or to site effect, as suggested by several authors (Hanks, 1982), or by a combination of 
both.  
In order to account for the diminution of the high-frequency motions a simple multiplicative filter 
can be used. 
Generally, the filters used are two: the fmax filter (Hanks, 1982; Boore, 1983) 
 
 
                                                                                                                                                        (4.8) 
 
and the k0 filter (Anderson and Hough, 1984) 
 
                                                                                                                                                        (4.9)  
 
Finally, the term I(f) of the equation (4.1), accounts for the particular type of the ground motion that 
has to be simulated. These I(f) filter is given by: 
 
                                                                                                                                                      (4.10)                 
 
where               and n=0, 1, or 2 for ground displacement, velocity or acceleration, respectively.                      
 
4.3.    Obtaining ground motions: simulations of time series 
 
For a given spectrum of the motion at a site, ground motions in the time or in the frequency domain, 
can be estimated by applying a time-domain simulation or using random vibration theory. 
In this thesis ground motions are computed by applying the time-domain simulation.  
The basis of the time-domain procedure are shown in Figure 4.1 (Boore, 2003). White noise, 
generally Gaussian, is generated for a duration given by the duration of motion (Fig. 4.1a); the noise 
is windowed (Fig. 4.1b); this windowed noise is, then, transformed into the frequency domain  
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(Fig. 4.1c); the spectrum is normalized by the square-root of the mean square amplitude spectrum 
(Fig. 4.1d); the normalized spectrum is multiplied by the ground motion spectrum O(f) (Fig. 4.1e); 
the resulting spectrum is transformed back to the time domain (Fig. 4.1f). 
In applications, it is most common to simulate the time series of ground acceleration. Various other 
measures of ground motion, such as peak velocity, peak displacement, Arias intensity, and response 
spectral amplitudes, can be derived from the simulated ground acceleration.  
 
 
 
Figure 4.1. Outline of the time-domain approach for simulating ground motions using the stochastic method     
(Boore, 2003). 
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4.4. Application 
 
In the present thesis, time-domain simulations were used to identify possible site effects at the 
seismic stations of the ISNet network, by comparing the observed and simulated peak ground 
motion parameters at a generic rock or a generic soil site. 
The dataset of PGA and PGV used for the study, were collected using the waveforms of 92 local 
earthquakes (1.5 < Ml < 3.2), recorded from February 2006 to December 2007 by 22 seismic 
stations. Most of the earthquakes have source depths from 2.4 to 30 km, the hypocentral distances 
ranging from 4.5 to 65 km, with 80% of the events within distances of 10 to 65 km (Figure 3.4).  
Thirteen of the 22 stations are located on hard rock (Mesozoic category) and nine on stiff soils 
(Tertiary category) (Figure3.2). 
At each station the PGA and PGV parameters were obtained from the simulated and recorded 
acceleration ground motions.  
The input parameters for the simulation technique, have been a geometrical spreading of the form 
R-1, an anelastic attenuation factor parameterized by a frequency dependent quality factor of the 
form Q(f) = Q0 (f/f0)n, and an average static stress-drop of 30 bars. In particular, the quality factor 
Q(f) is given by: 
                                                  
                                                                                                                                                       (4.11) 
 
where f0 = 1.0 Hz (Malagnini et al., 2000).  
At each station, the observed peak ground-motion PGA and PGV were compared with the simulated 
ones.  
If the difference between observed and estimated PGA, and PGV values differs from zero, the 
discrepancy can be attributed to site effects and not to path effects or source effects such as 
radiation pattern or directivity effects. 
 Considering the jth receiver, the peak motion residual terms, PGA and PGV, are computed as: 
 
                                                                                                                                                      (4.12) 
 
where Pgxobs is the recorded value and Pgxest is the estimated value. 
In our instance, the residual values between observed PGA and PGV and estimated PGA and PGV, 
are all different from zero. 
In addiction, predicted PGA and PGV values were obtained by using pre-existing empirical  
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attenuation relationships (Wald et al., 1999) that, for given magnitude and distance values, allow to 
estimate ground motion parameters both in time and in frequency domain. The coefficients of the 
attenuation model were retrieved from the earthquake recordings by using time-domain simulations. 
The general formulation of the attenuation relationships is approximated as:  
 
                                                                                                                                                    (4.13) 
 
where Pgx corresponds to both PGA in m/s2 and PGV in m/s, f(M,R) is the standard distance-
magnitude dependent function and g(φ) is a term which accounts for azimuthal dependence of peak 
ground motion. The attenuation relationship was used to obtain estimate PGA and PGV values at 
the network recording sites. At each seismic station the residuals were computed by comparing the 
observed and the predicted ground motion values. 
In our instance, the residual values between observed PGA and PGV and estimated PGA and PGV, 
obtained by using  the attenuation relationship, are all different from zero. 
This important result suggests that the material properties near the surface in the Campania-Lucania 
region, can produce large modifications of the selected parameters. In particular, it can be noted that 
also the surface-rock sites have a site response of their own. This could lead to an underestimation 
of the seismic hazard when these sites are used as reference sites in the spectral techniques. In fact, 
the near-surface weathering and cracking of the hard rock sites affects the recorded ground motions 
at frequencies of engineering interest, even at sites that appear to be located on competent rock 
(Steidl et al., 1996). 
The Figures that follow, one for every station, show the results of the test in terms of residuals 
between observed and estimated data, these last ones with or without the attenuation relationship. In 
particular, in the figures there are two bar charts that represent the distribution of the residuals 
between observed and estimated PGA and PGV values, and two graphs to represent the PGA and 
PGV distributions as a function of epicentral distance.  
The squares on the graphs represent the observed PGA and PGV values, the black crosses represent 
the estimated PGA and PGV values obtained without the attenuation relationship, while the red 
crosses represent the estimated PGA and PGV values obtained when the attenuation relationship is 
used. 
The first thirteen Figures show the residual values for the stations belonging to the Mesozoic site 
class, the following nine Figures show the residual values for 9 stations belonging to the Tertiary 
site class. 
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CGG3 seismic station – Mesozoic site class. 
 
Figure 4.1 a).  Distribution of the residuals between observed and estimated PGA and PGV values, and PGA and 
PGV distributions vs the epicantral distance.The squares represent the observed PGA and PGV values, the 
black crosses represent the estimated PGA and PGV values obtained without the attenuation relationship, while 
the red crosses represent the estimated PGA and PGV values obtained when the attenuation relationship is used. 
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CMP3 seismic station – Mesozoic site class. 
 
 
Figure 4.1 b). Same as figure 4.1a), but for station CMP3. 
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COL3 seismic station – Mesozoic site class. 
 
Figure 4.1 c). Same as figure 4.1a), but for station COL3. 
 
 37
 
 
CSG3 seismic station – Mesozoic site class. 
 
Figure 4.1 d). Same as figure 4.1a), but for station CSG3. 
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NSC3 seismic station – Mesozoic site class. 
 
 
Figure 4.1 e). Same as figure 4.1a), but for station NSC3. 
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PGN3 seismic station – Mesozoic site class. 
 
Figure 4.1 f). Same as figure 4.1a), but for station PGN3. 
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PST3 seismic station – Mesozoic site class. 
 
Figure 4.1 g). Same as figure 4.1a), but for station PST3. 
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SCL3 seismic station – Mesozoic site class. 
 
Figure 4.1 h). Same as figure 4.1a), but for station SCL3. 
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SFL3 seismic station – Mesozoic site class. 
 
Figure 4.1 i). Same as figure 4.1a), but for station SFL3. 
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SNR3 seismic station – Mesozoic site class. 
 
Figure 4.1 j). Same as figure 4.1a), but for station SNR3. 
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SRN3 seismic station – Mesozoic site class. 
 
Figure 4.1 k). Same as figure 4.1a), but for station SRN3. 
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STN3 seismic station – Mesozoic site class. 
 
Figure 4.1 l). Same as figure 4.1a), but for station STN3. 
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VDS3 seismic station – Mesozoic site class. 
 
Figure 4.1 m). Same as figure 4.1a), but for station VDS3. 
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AND3 seismic station – Tertiary site class. 
 
Figure 4.1 n). Same as figure 4.1a), but for station AND3. 
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BEL3 seismic station – Tertiary site class. 
 
Figure 4.1 o). Same as figure 4.1a), but for station BEL3. 
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CLT3 seismic station – Tertiary site class. 
 
Figure 4.1 p). Same as figure 4.1a), but for station CLT3. 
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LIO3 seismic station – Tertiary site class. 
 
Figure 4.1 q). Same as figure 4.1a), but for station LIO3. 
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RDM3 seismic station – Tertiary site class. 
 
Figure 4.1 r). Same as figure 4.1a), but for station RDM3. 
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RSA3 seismic station – Tertiary site class. 
 
Figure 4.1 s). Same as figure 4.1a), but for station RSA3. 
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RSF3 seismic station – Tertiary site class. 
 
Figure 4.1 t). Same as figure 4.1a), but for station RSF3. 
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TEO3 seismic station – Tertiary site class. 
 
Figure 4.1 u). Same as figure 4.1a), but for station TEO3. 
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VDP3 seismic station – Tertiary site class. 
 
Figure 4.1 v). Same as figure 4.1a), but for station VDP3. 
 
 56
5. 
Estimation of site amplification in the Campania-Lucania region 
(Southern Italy), by non-linear inversion of microearthquake 
spectra 
 
5.1.    Introduction 
 
In regions giving rise to small and moderate-sized earthquakes, as is the case of the Campania-
Lucania region (Southern Italy), attenuation relationships for a specific site class, are crucial 
parameters in seismic hazard analyses. One way to improve the predicting of ground shaking over a 
region from future earthquakes, is to reduce the uncertainty in the attenuation relationships by 
regionalizing them to a specific area. Site conditions can have profound effects on the ground 
surface motion at soil sites, and inappropriate modeling of these, can produce large uncertainties 
into attenuation models. In order to include the site response into regional hazard mapping, several 
methods that use the local recordings of strong-motion data, have been developed.  
The methods proposed can be divided into two main categories, depending on whether or not they 
need a reference site.   
One of the most used techniques to estimate site effects in regions of moderate to high seismicity, is 
the spectral ratio method that uses earthquake recordings relative to a reference station (Borcherdt, 
1970). The procedure consists in comparing records at nearby sites, using one of them as the 
reference site, generally consisting a station installed on firm hard rock. The spectral ratios 
represent a reliable estimate of the site response, if the reference site is located sufficiently near to 
the examined site to ensure that the differences between sites can be ascribed to site conditions, and 
not to a source or propagation effects. However, as underlined by several authors (Field and Jacob 
1995, Boatwright et al., 1991, Harmsen, 1997a), identifying and separating source and site effects, 
is the greatest impediment to the spectral analysis of low and moderate magnitude earthquakes. 
Andrews (1986) recast the method of spectral ratios into a generalized-inverse problem by inverting 
the body wave spectra of recorded events, for all source, site, and propagation effects 
simultaneously. In a nutshell, the amplitude spectrum of the ith earthquake recorded at the jth 
receiver, O(f)ij, can be represented in the frequency domain as the product of three physical 
parameters (Iwata and Irikura, 1988): 
                     
                                                                                                                                                        (5.1)                    jijiij G(f)P(f)S(f)O(f) =
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where  S(f)i is the seismic source effect of the ith earthquake, P(f)ij is the term accounting for the 
propagation path from the jth receiver, and G(f)j is the site effect at the jth receiver.  
The model can be linearized by taking natural logarithms: 
 
                                                                                                                                                        (5.2)                   
 
This linear equation often forms the basis of attempts to separate the source, path, and site effects. 
For each frequency of interest, the terms S(f)i and G(f)j are estimated from all the events recorded 
by each station, through the sum of squared differences between observed and theoretical spectra.  
To constrain the inversion, generally G(f)j is specified for the records at one site, called reference 
site. The reference site is taken equal to 1 at each frequency. Since the site amplification at a 
reference site is set to unity, this method provides results comparable with those obtained by the 
traditional spectral ratios.  
This technique depend on the availability of an adequate reference site.  
Since such a site may not always be available, it is desirable to develop alternative methods that do 
not rely on a reference site. 
An alternative method employs the generalized-inversion technique suggested by  Boatwright et al. 
(1991), where shear-wave spectra are represented with a parameterized source, path-effect model 
and site-response term for each site. The source parameters for each event, the path-effect terms and 
the site response for each site are inverted simultaneously, in the least-squares sense. This inversion 
scheme allows to recover the shape of the site response spectra from seismic data by assuming the 
general shape of the source spectra,  the ω −2 source model, and inverting for the seismic moment 
and corner frequency of each earthquake.  
 The site responses in the Campania-Lucania region have been determined using a non-linear 
inverse procedure based on the Simplex algorithm. The method has been applied to 22 seismic 
stations providing accelerograms from 92 local earthquakes and to one station providing 
seismograms from 14 local earthquakes. 
S-wave displacement spectra have been computed by using a Fourier transform of 5 second time 
windows enclosing the manually picked S–phase on acceleration waveforms. The inversion starts 
assuming a ω-2 source model (Brune, 1970), a geometric attenuation of the form R-1, and a 
frequency-dependent quality factor of the form Q(f) = Qo (f/f0)n. The site effects have been 
estimated following the method introduced by Tsurugi et al. (1997). The method selects values for 
the flat levels and the corner frequencies obtained at the end of the inversion, and produces different 
lnG(f)lnP(f)lnS(f)lnO(f) ijiij ++=
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source models for each earthquake. Then, the specified source model divides the corresponding 
corrected amplitude spectrum of every event. This gives the site effect (Moya at al., 2000). 
Assuming that the site effects are the same regardless of the seismic event, the average and the 
normalized standard deviation are finally calculated. The main advantage of this technique is that it 
does not need a reference site.  
At each station, the resulting site-amplification spectra are averaged over three frequency bands: the 
first-frequency band (Ib) ranging from 1 to 5 Hz,  the second (IIb) ranging from 5 to 10 Hz, and the 
third ranging from 10 to 15 Hz (IIIb). These bands are chosen to retrieve the amplification factors 
for different input ground-motion parameters (PGM), such as PGA, PGV or Sa(T), that are 
"moderate-to-high" frequency parameters.   
In order to correlate the average site amplifications with the superficial geology, three maps were 
constructed displaying site amplification factors on the QVTM site conditions map. The maps are 
aimed at identifying the main geological units in outcrop at which a constant amplification 
coefficient or a site-response function, can be associated. These correlations are fundamental to 
include an average site effects in real or near-real time shake maps. This work has been carried out 
in the frame of European Safer Project also (Seismic Early warning for Europe – FP6-Global-4). 
Significant correlations with the surface geology have been found, suggesting that the site spectral 
amplification is also influenced by the nature of near-surface materials. Average site-amplification 
factors are, also, compared with those obtained from many California earthquakes by Harmsen 
(1997) and Borcherdt (1994), and are found to be in good agreement in amplitude values. 
 
5.2. Inverse theory 
 
Inverse theory is an organized set of mathematical techniques used to infer the values of model 
parameters from given observed data. It is a task that often arises in many branches of the physical 
sciences, and is, also, widely used by people working with geophysical problems, since they always 
have a set of measurements that depend on a set of model parameters (for instance the knowledge of 
Earth's interior from data collected at the Earth's surface only). 
Let S be a generic physical system (for example the mass of the Earth, or gravity, or a quantum 
particle, etc.) described by a set of model parameters. If the parameters describing the model are not 
directly measurable, it is possible to extract their values from observable parameters that 
characterize the physical system. While the forward problem can predict the results of 
measurements on the basis of some general principle or model, the inverse problem, starting with 
measured data and a general principle or model, determines estimates of the model parameters.  
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Therefore, while the forward problem has a unique solution, the inverse problem has multiple 
solutions (Tarantola, 2005). Because of that, in the inverse problem all the a priori information on 
the model parameters must be explicated (Menke, 1989). 
As an example, consider the phenomenon of temperature variation as a function of depth beneath 
the Earth’s surface. Assuming that the temperature increases linearly with depth z, with a law such 
as T(z) = az + b, where a and b are constants. By knowing these constants it is possible to find the 
temperature variation (forward problem) by simply computing the formula for a given depth. The 
inverse problem, instead, determines a and b on the basis of temperature measurements made at 
different depths.  
The forward and inverse problem can be formulated as follows: 
                      
 Forward problem: 
  
                          model parameters  ?  model  ?  prediction of data 
    
Inverse problem: 
   
                           measured data  ?  model  ?  estimates of model parameters. 
 
In most inverse problems the observed data over-determines some model parameters, leaving others 
underdetermined. This under-determination, due to intrinsic experimental uncertainties or lack of 
data, can be easily handled applying present-day methods based on the concept of “least-absolute-
values” and on the “minimax” criterion, introduced by Laplace in 1799 to obtain the “best” 
solution, or based on the “least-squares” criterion, formulated by Legendre in 1801 and Gauss in 
1809.  
Moreover, data redundancy typically makes inverse problems “ill-posed” as opposed to the “well-
posed problems” defined by Hadamard. Of the three conditions for a “well-posed problem” 
(existence, uniqueness, stability of the solution or solutions), the stability condition is the most often 
violated one. For instance, to a small perturbation of the data typically corresponds a large 
perturbation of the solution. In this case, the inverse problem is typically “ill-conditioned” and can 
be regularized using a probabilistic formulation, where the information on the model parameters is 
given by a probability distribution in the ‘model space.’ Then, the measurements of the observable 
data, the a priori information on model parameters, and the information on the physical correlations 
between observable parameters and model parameters can all be described using probability 
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densities.  
The techniques used today for solving inverse problems are as diverse as the problems themselves, 
but they can all be described by the same few principles. 
Formulating the inverse problem starts with a description of the measured data, usually, represented 
by a vector. If N is the number of measurements, they are arranged in a vector d of dimension N. 
The model parameters can be represented as the elements of a vector m of dimension M. 
 data:        
                                                                                                                                                            
model parameters:                                                                                                                           (5.3) 
In the inverse theory, the model parameters and the data are correlated, and their relationship is 
called model. In realistic situations the relationship between data and model parameters is expressed 
by complex equations, though in general they can be expressed by one or more equations of the 
form:            
                                                                                                                     (5.4)                    
where L index is the number of equations. These equations are solved, or “inverted” for the model 
parameters and, generally, f(d, m) = 0 can consist of nonlinear functions of the data of model 
parameters.  
The function f has an implicit linear form in the data and model parameters that can be written as 
the matrix equation: 
                                                                                                 (5.5)             
where F is an L x (M + N) matrix. 
In many instances it is possible to separate data and model parameters, thus forming exactly N 
equations that are linear in data, but can be nonlinear in the model parameters: 
                                                                                                               (5.6)                    
When the function g is linear, it is possible to obtained an N x M matrix equation: 
                                                                                                                 (5.7)                    
[ ]TN321 d,.....,d,d,dd =
[ ]TM321 m,.....,m,m,mm =
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In that case, the inverse problem can be solved by inverting the matrix G: 
                                                                                                                                                  (5.8) 
 
5.3. Simplex method 
 
The general approach for solving nonlinear inverse problems is the same used when dealing with 
problems in which one seeks to minimize or maximize a function, by systematically choosing the 
values of real or integer variables out of a given dataset. This is an optimization problem that can be 
described in the following way: 
 
Given: a function f: A -> R from a set  A to real numbers   
Sought: an element x0 in A such that  f(x0)  ≤  f(x) for every x in A ("minimization")  
or such that 
 f(x0) ≥  f(x) for every x in A ("maximization").  
 
The function f is called objective function, or cost function. A possible solution that minimizes (or 
maximizes) the objective function is called an optimal solution. Generally, when the objective 
function does not present convexity, there may be several local minima and maxima. A large 
number of algorithms proposed for solving non-convex problems are not capable of making a 
distinction between local optimal solutions and global optimal solutions. Actually, deterministic 
algorithms have been developed, assuring the convergence to the actual optimal solution of a non-
convex problem in finite time. These deterministic algorithms are called global optimization. 
In the present thesis, a method for local optimization has been used, named Downhill Simplex 
Method, due to Nelder & Mead (1965). This method is a numerical method for optimizing many 
unconstrained problems, and belongs to the more general class of search algorithms. A simplex is a 
geometrical Figure consisting of N+1 vertices (or points), in N dimensions, and all their  
interconnecting line segments, polygonal faces, etc. In two dimensions, a simplex is a triangle, in 
three-dimensional it is a tetrahedron and so forth. In general, interest only simplexes that are 
nondegenerate, which enclose a finite inner N-dimensional volume. 
The simplex method must be started with N+1 points, defining an initial simplex. At the beginning, 
the step consist of a locating starting vertex on the simplex, P0. The other n point are given as:  
 
                                                                                                        (5.9)    
                                                                           
i0i λePP +=
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Where the ei‘s are N unit vectors, and λ is a constant that represents the problem’s characteristic 
length scale. 
The method can be roughly divided in a series of steps. Most steps moving the point of the simplex 
where the cost function is largest (“highest point”) through the opposite face of the simplex to a 
lower point. These steps are called reflections, and they are constructed to conserve the volume of 
the simplex. The method expands the simplex in one or another direction to take the larger steps. 
When it reaches a “valley floor”, the method contracts itself in the transverse direction and tries to 
ooze down the valley. The method, then, contracts itself in all directions, and pulling itself in around 
its lowest (best) point. The basic moves are summarized in Figure 5.1.  
 
Figure 5.1. Outline of a step in the downhill simplex method. 
 
Termination criteria can be delicate an any multidimensional minimization routine. It is possible to 
identify one “cycle” or “step” of a multidimensional algorithm, and the step terminates when the 
vector distance moved in that step, is fractionally smaller in magnitude than some tolerance. 
Alternatively, can be required that the decrease in the function value in terminating step, be 
fractionally smaller than some tolerance. An appropriate sequence of the step will always converge 
to a minimum of the function (Numerical Recipes, 1987).   
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5.4. Spectrum computation 
 
In order to estimate the Fourier spectra of the earthquakes, all records were first corrected to zero 
baseline removing mean and linear trend. A cosine taper function (5%) was then applied to a 
selected time window beginning from the S-wave arrival time for the north-south (NS) and the east-
west (EW) components. Both components have been then filtered (band-pass filter between 0.075 
and 30 Hz) and integrated two times in order to obtain the displacement spectra.  
The resultant horizontal displacement spectrum has been estimated as: 
                                                        
                                                                                                       (5.10)            
 
where O(f) is the resultant of the Fourier displacement amplitude spectra of the NS and EW 
components.  
Spectra of earthquakes are considered valid only when the signal-to-noise (S/N) ratio is greater than 
2 in the frequency band 1-25 Hz, with respect to the pre-event noise window.  
The spectral amplitudes were smoothed using an arithmetic smoothing algorithm to each data point. 
The size of the window is defined by specifying its halfwidth of 5 points. 
A critical point in the analysis is the selection of the time window enclosing the S-phase, in order to 
compute the S-wave spectrum. Generally, for site effects study the window length is chosen so as to 
contain at least the 90-95% of the total S-wave energy. For this work, time windows beginning 0.7 
seconds before the S-wave arrival time have been selected, with a total duration of 5 seconds. The 
choice to use time windows of  5 seconds seemed to be a good compromise between the need to 
select S waves only and the need to get 90-95% of the S-waves energy.  
Figure 5.2 shows an example of the 5 seconds time window used to compute the spectra. 
( ) ( )22 EW(f)NS(f)O(f) +=
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Figure 5.2. Time window to extract the S waves: 0.7 s  before, 4.3 s after the S arrival time. 
 
5.5. Description of the inversion method  
 
The displacement spectrum of ith seismic event recorded at the jth receiver, O(f)ij, can be modeled 
as the product of three physical parameters:  
                                                                                                                                           
                                                                                                                                                       (5.11)     
                                            
where S(f)i is the source effect of the ith earthquake, P(f)ij is the propagation path from the ith 
source to the jth receiver, and G(f)j is the site effect of the jth receiver. A non-linear inversion 
technique based on the Simplex algorithm has been used to solve the non-linear problem and 
retrieve these different terms. 
In order to estimate the source spectra, the observations must be corrected for the propagation path 
and site effects. Considering a geometrical spreading of the form R-1, and an anelastic attenuation 
factor parameterized by a frequency dependent quality factor of the form Q(f) = Q0 (f/f0)n, the 
propagation-path effect, P(f)ij, for the radiation of S-waves from a point source has the following 
form: 
 
                                                                                                                                                      (5.12)                    
jijiij G(f)P(f)S(f)O(f) =
( ) ( ) sij Vff/QπR1ijij eR*fP −−=
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where Rij is the hypocentral distance from the ith source to jth station. In the present thesis, we 
assumed a quality factor Q(f) = Q0 (f/f0)n ranging from 60 to 160, with n ranging from 0.1 to 0.5 
(Malagnini et al., 2000). VS is the mean shear-wave velocity (VS = 3.2 km/s).  
The effect of the geometrical spreading has been approximated as 1/R since only S-waves are 
included in the selected time windows.  
An average S-wave radiation pattern coefficient of 0.70 has also been employed, corresponding to a 
30° dip, dip-slip faults, as calculated by Boore and Boatwright (1984).  
Substituting (5.12) into the (5.11) equation, and solving for the source term it’s obtained: 
 
                                                                     
                                                                                                                                                      (5.13) 
 
where   
                                              
                                                                                                                                                      (5.14) 
  
is the observed spectrum for the ith seismic event at the jth receiver, corrected by the propagation-
path effect. In a nutshell, correcting all records from a given station by the propagation effect, it is 
possible to isolate the source and the site effect. 
The site effect at the jth station, G(f)ij, is then calculated from the spectral ratio between the 
corrected amplitude displacement, O(f)ij*, and the corresponding proposed source model S(f)* 
(Tsurugi et al. 1997): 
                                                                                                                                                      (5.14) 
 
 
 
where S(f)* is the far-field displacement spectrum given by Brune’s model (Brune, 1970): 
 
                               
                                                                                                                                                      (5.15)                    
 
      
where  Ω0 is  the low-frequency flat level, f0 is the corner frequency, and f is the frequency.  
Since each station can have as many site effects as observed spectra, the average and the normalized 
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standard deviation have been calculated.                                       
Assuming that the site response at a given station is independent of the input earthquakes, the 
inversion method searches values for the corner frequency f0 and the low-frequency flat level, Ω0, 
from the corrected displacement spectrum at the surface, and proposes different source models for 
each earthquake. The flat levels and corner frequencies obtained at the end of every inversion are 
the ones that correspond to the most stable site effect estimation.  
Figure 5.3 illustrates the inversion method. 
 
 
Figure 5.3.  Outline of the inversion scheme to estimate the source spectrum and site effect. 
 
5.6. Inversion results 
 
The inversion has been performed for a total of 200 procedures and 1000 iterations. In general, the 
convergence of the simplex algorithm has been fast: the results didn’t change much after the 50th 
procedure (Figure 5.4).  
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Figure 5.4. The simplex convergence and evolution and differences between the lower and higher value of the 
cost-function. 
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Figure 5.5 shows the corrected horizontal component of displacement spectra for two selected 
events. Note how the two events presented in the Figure 5.5 seem to have a corner frequency at 
around 4- Hz. The tendency, presented by most of the displacement spectra of having low values of 
the source-originated corner frequencies, could be caused by strong attenuation at high frequency 
due to the surface deposits. This effect becomes an important problem when trying to estimate the 
source parameters of small seismic events. Indeed, the site effect tends to modify the true value of 
corner frequencies.  
 
 
 
Figure 5.5. The corrected displacement spectra for two selected events (only the horizontal components). Both  
events seem to have a corner frequency at around 4-5 Hz. This is caused by the site effect. 
 
The resulting site transfer functions obtained by the inversion of  106 recorded events, are shown in 
Figure 5.6. All Figures, one for every station, are formed by six plots: a bar chart representing the 
magnitude distribution of earthquakes recorded at the selected station, four plots to represent the 
spectral ratios as a function of the azimuth with respect to the events, and a central plot showing the 
average site effect (red line) and the corresponding standard deviation (black lines). All the seismic 
stations show spectral ratios that are quite similar in shape, and not directionally dependent. 
The first thirteen Figures present the site effects for 13 stations belonging to the Mesozoic site class, 
the following nine Figures show the site effects for 9 stations belonging to the Tertiary site class, 
and the last one shows the site effect estimated for the only station belonging to the Volcanic site 
class.  
Note that the stations of the Mesozoic site class (CGG3 CMP3, COL3, CSG3, NSC3, PGN3, PST3,  
SCL3, SFL3, SNR3, SRN3, STN3, VDS3), are not completely devoid of amplification at the surface. 
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In particular, all spectral ratios present a significant deamplification for frequencies below 2-3 Hz, 
and peaks of amplification above 5 Hz. However, although at some stations the amplification is 
peaked at certain distinct frequencies, at other stations (COL3, NSC3, SRN3, STN3, SNR3, and 
SCL3) the amplification occurs over a broader frequency range. These results agree with the 
hypothesis of rock sites with a velocity VS30 about 800 m/s. Moreover, even if these stations are 
located on rock, according to geological maps, the resulting spectral ratios show that stations 
classified as rock sites can have significant site effects. In fact, as shown by Steidl et al., (1996), 
near-surface weathering and cracking affect the recorded ground motion. 
Most of the stations located on soft rock and stiff soils of the Tertiary site class (AND3, BEL3, 
CLT3, LIO3, RDM3, RSA3, RSF3, TEO3, VDP3), show a level of amplification distributed over a 
broad frequency range, generally below 4-5 Hz, and only three stations, BEL3, CLT3, and VDP3, 
have the amplification peaked at certain distinct frequencies, between 3 and 5 Hz. These results are 
in good agreement with sites characterized by VS30 ranging from 360 to 800 m/s. 
The last Figure shows the site effect estimated for the VULT station located on a volcanic rock site. 
As expected, the amplification level is roughly constant, about 1.4, for frequencies below 5 Hz, and 
it decades rapidly at higher frequencies. The shape of the spectral ratio in the low-frequency range 
is theoretically appropriate for a volcanic rock site, characterized by volcanic units as pyroclastic 
flow deposits, surges and extensively fractured sodic potassic lavas.  
In light of these results, it is possible to state that the transfer functions obtained by the inversion 
technique for the Campania-Lucania region, do contain important information on the site effects. 
The stations located on stiff and soft soils (Tertiary) show a deamplification in the high frequency 
range, while rock sites (Mesozoic) present significant amplification at high frequencies. In 
particular, the surface-rock sites not present a flat response close to 1. In fact, also sites located on 
what appears to be a competent rock show amplification at frequencies above 5 Hz, this is because 
the rock site response is due to the weathered and fractured nature of the near surface. Therefore, 
these results suggest that the choice of one these sites as the reference site could lead to an 
underestimation of the seismic hazard analysis, and that techniques not requiring a reference site 
could, instead, give more reliable estimates of  the site effects. 
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CGG3 seismic station - Mesozoic site class 
 
 
Figure 5.6 a).  Spectral ratios obtained by the inversion method of 106 seismic events.  
All Figures, one for every station, are formed by six graphics: a bar chart to represent the number of events per 
magnitude range, four to represent the spectral ratios as a function of the azimuth with respect to the events, and 
a central graphic that shows the average site effect (red line) and the corresponding standard deviation. The first 
thirteen Figures show the site effects for 13 stations belonging to Mesozoic site class, the following nine Figures 
show the site effects for 9 stations belonging to Tertiary site class, and the last one shows the site effect estimated 
for the only station belonging to Volcanic site class. 
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CMP3 seismic station - Mesozoic site class. 
 
 
COL3 seismic station - Mesozoic site class. 
Figure 5.6 b), and c). Same as figure 5.6a) but for CMP3 and COL3 stations.  
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CSG3 seismic station - Mesozoic site class. 
 
 
NSC3 seismic station - Mesozoic site class. 
Figure 5.6 d), and e). Same as figure 5.6a) but for CSG3 and NSC3 stations.  
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PGN3 seismic station - Mesozoic site class. 
 
 
PST3 seismic station - Mesozoic site class. 
Figure 5.6 f), and g). Same as figure 5.6a) but for PGN3 and PST3 stations.                                                         
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SCL3 seismic station - Mesozoic site class. 
 
 
SFL3 seismic station - Mesozoic site class. 
Figure 5.6 h), and i). Same as figure 5.6a) but for SCL3 and SFL3 stations. 
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SNR3 seismic station - Mesozoic site class. 
 
 
SRN3 seismic station - Mesozoic site class. 
Figure 5.6 j), and k). Same as figure 5.6a) but for SNR3 and SRN3 stations. 
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STN3 seismic station - Mesozoic site class. 
 
 
VDS3 seismic station - Mesozoic site class. 
Figure 5.6 l), and m). Same as figure 5.6a) but for STN3 and VDS3 stations. 
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AND3 seismic station - Tertiary site class. 
 
 
BEL3 seismic station - Tertiary site class. 
Figure 5.6 n), and o). Same as figure 5.6a) but for AND3 and BEL3 stations. 
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CLT3 seismic station - Tertiary site class. 
 
 
LIO3 seismic station - Tertiary site class. 
Figure 5.6 p), and q). Same as figure 5.6a) but for CLT3 and LIO3 stations. 
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RDM3 seismic station - Tertiary site class. 
 
 
RSA3 seismic station - Tertiary site class. 
Figure 5.6 r), and s). Same as figure 5.6a) but for RDM3 and RSA3 stations. 
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RSF3 seismic station - Tertiary site class. 
 
 
TEO3 seismic station - Tertiary site class. 
Figure 5.6 t), and u). Same as figure 5.6a) but for RSF3 and TEO3 stations. 
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VDP3 seismic station - Tertiary site class. 
 
 
VULT seismic station - Volcanic site class. 
Figure 5.6 v), and w). Same as figure 5.6a) but for VDP3 and VULT stations. 
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5.7.   Site amplification maps for the Camapania-Lucania region 
 
Site amplification spectra are averaged within three frequency bands: the first-frequency band (Ib) 
from 1 to 5 Hz,  the second-frequency band (IIb) from 5 to 10 Hz, and the third-frequency band 
from 10 to 20 Hz (IIIb). These bands are chosen based on the size of the analyzed earthquakes, to 
retrieve the amplification factors for different input ground motion parameters, such as PGA, PGV 
or Sa(T), that are "moderate-to-high" frequency parameters.  
Means and standard deviations of the site responses, estimated using the inversion results, are 
shown in Table 2, along with the site class descriptors. 
 
 
 
Table 2. Means and standard deviations of site amplifications grouped by the surface geology category. 
 
 
In Table 2 it can be noticed that the average Ib amplification at Tertiary sites is higher than the IIb 
amplification. The lower IIb amplification compared to the Ib one, is in part due to the attenuating 
nature of stiff and soft soils on high-frequency strong-motion signals. Moreover, the amplification 
factors varie more strongly with the age at lower frequencies.  
The observed relative amplification at rock sites in all the frequency bands, on the one hand may be 
due to a topographic effect, since many rock sites are located on mountains or hills, and on the other 
hand it may be caused by the weathered and fractured nature of near-surface materials.  
In order to correlate these average horizontal spectral levels with the surface geology, three maps 
have been constructed, one for each frequency band, displaying the mean frequency bands over the 
QVTM site conditions map (Figure 5.7). Circles are centred on strong-motion sites, with diameter 
proportional to the average amplification. Significant correlations with the three frequency bands 
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have been found, suggesting that the site spectral amplification is also influenced by the nature of 
near-surface materials. In particular, soil sites showed higher amplification than rock sites for 
frequencies shorter than about 5 Hz, while the relation is reversed for frequencies higher then about 
4-5 Hz.  
 
 
 
 
 
Figure 5.7. Average spectral amplifications computed for three frequency bands, are displayed over the QVTM 
site conditions map. Circles are centered on strong-motion sites, with diameter proportional to the average 
amplification. 
 
These maps represent a first attempt to estimate the site amplification, based on the measured 
ground motions with geologically-based, frequency and amplitude-dependent site corrections. 
The accuracy of these maps depends on the density of the stations and the available geologic 
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information. Clearly the maps are expected to improve when more data become available and more 
analyses are done. In particular, to further refine the maps, detailed information on alluvial units are 
needed in order to “split” Quaternary units according to grain size and thickness. In fact, the bigger  
classification problems are with sites that have a thin layer of alluvium over an higher velocity 
material at shallow depth.  
The site-response factors were also compared with those obtained from past earthquakes in the Los 
Angeles urban area, and were found to be in reasonably good agreement in the frequency bands for 
Mesozoic hard rock and Tertiary sediments and soft rock. 
Table 3 presents the site amplification factors proposed by Harmsen (1997b) for the Mesozoic (Mz), 
Tertiary (Ts), and Quaternary (Qoa and Qya) categories. 
Table 4 shows those estimated by Borcherdt (1994) for the QTM categories at periods of both 0.3 
and 1.0 seconds for each of four input ground acceleration levels. Note that at 0.3 sec, amplification 
for the soil sites (Quaternary) is nearly a factor of 1.5 at low input motions and it decreases to 
slightly over 1.0 for strong motions; Tertiary and Mesozoic rock units have a less pronounced 
amplitude dependency (Wald et al., 1999). 
 
 
 
 
 
 
 
 
Table 3. Logarithmic means and standard deviations (base 10) of site amplification grouped by superficial 
geology category (Harmsen (1997).  
 
0.5- 1.5 2.0- 6.0 
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Table 4.  Site amplification factors proposed by Borcherdt (1994). 
 
 
The comparison of the average site amplification levels with estimates from the other studies, 
suggests that these factors can be applied as corrections to attenuation relationships for use in 
seismic hazard calculations for the Campania-Lucania region at least for the Mesozoic and Tertiary 
site classes.  
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6. 
H/V spectral ratio of earthquake data 
 
6.1.   Introduction 
 
In order to compare site-response estimates obtained from different spectral-ratio techniques that do 
not rely on a reference site,  the horizontal-to-vertical (H/V) method has been applied to earthquake 
recordings. 
The procedure was introduced by Nogoshi and Igarashi in 1970, but Nakamura (1989) made it 
popular. Originally, it was proposed for analyzing ambient seismic noise recordings. Recently, 
Lermo and Chavez-Garcia (1993) applied this technique to the S-wave part of earthquake 
recordings. The method, which is analogous to the so called receiver-function technique used to 
determine the crustal and upper mantle structures from teleseismic records (Langston, 1979), 
assumes that the vertical component of ground motion contains more information on the source than 
the horizontal components.  
This thesis presents the estimated site effects for the ISNet stations, obtained applying this 
technique to the same earthquake recordings employed in the inversion method. 
The site responses obtained with those two techniques were found to be similar in shape. Both 
methods were consistent in estimating the fundamental resonance frequency, even if the levels of 
amplification were very different. In particular, at frequencies lower than the fundamental one, the 
H/V ratios showed a higher level of amplification than the inversion results. Nevertheless, both 
methods have revealed the frequency dependence of site response at the Campania-Lucania region. 
These results are promising for site-specific-assessments in areas that lack reference sites. 
 
6.2. The technique 
 
The technique used in this study was originally introduced by Nakamura (1989) to interpret 
microtremor recordings. Recently, Lermo et al., (1993) proposed that the site response can be 
estimated by dividing the horizontal-to vertical component ratios of the shear-wave spectra at each 
site, rather than dividing by the reference site spectra. They presented some arguments to explain 
why the method, conceived to analyze Rayleigh waves in microtremor records, could also work for  
the S-wave part of seismograms. In this framework, they applied the method to earthquake data 
obtained at various sediments sites in Mexico City, and found that the frequency and amplitude of 
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the fundamental resonant peak could be identified. Moreover, several studies have shown that the 
vertical component of ground motion had the same features and similar amplitudes regardless of the 
type of soil at the station: clay layer, or hard rock (Campillo et al., 1989). It appears then that the 
vertical component of shear waves, composed primarily of S- to P-wave conversions (Takahashi et 
al., 1992), is not influenced by the local structures, whereas the radial component contains P- to S-
wave conversions from structural discontinuities below the recording site. Therefore, an estimate of 
the impulse response function could be obtained by deconvolving, or dividing in the frequency 
domain, the vertical component from the radial component.  
 
6.3. Comparison of different site response estimation techniques. 
 
The same data and processing used in the inversion approach have been used in the study. From 
each recording a window of 5 seconds, including the intense part of the S-wave, was selected. The 
windows of every station were first corrected to zero baseline, then cosine tapered (5%), and 
Fourier transformed. The spectral amplitudes were smoothed using an arithmetic smoothing 
algorithm to each data point. The size of the window is defined by specifying its halfwidth of 5 
points. The east-west and north-south components were combined in the Fourier domain to obtain a 
single horizontal component, and used to compute spectral ratios relative to the vertical component. 
Figures 6.1 (a, b, c, d, e, f, g, h, i, j, k, l, m, n, o, p, q, r, s, t, u, v, w) show the similarities and 
differences between the site responses estimated by the H/V method (blue line) and those estimated 
by the inversion technique (red line). The vertical black lines represent standard deviations. 
From the figures it can be noted that the estimated spectral ratios are similar in shape. Both methods 
are consistent in estimating the fundamental resonance frequency for the investigated site, even if a 
shift in frequency is often observed. The level of amplification from the H/V method is highly 
variable, and is always higher than that obtained by the inversion technique, especially at 
frequencies lower than the fundamental one. These differences could be due to the influence of the 
incidence angle as well as to the amplification of the vertical component (Lermo and Chavez-
Garcia, 1993, Parolai et al., 2004). Therefore, small incident angles yield larger amplifications in 
the H/V curves than in the inversion curves, because of the small amplification of the vertical 
component that influences both the S- and P-wave part of the seismograms.  
A reduction of the H/V amplitude due to the amplification of the vertical component only occurs at 
high frequencies. This is consistent with the hypothesis that the S- to- P conversion at the 
bedrock/soil layer contact results in amplification of the vertical component in the S-wave window 
and deamplification in the resulting H/V ratio. Instead, the P- to- S conversion provides energy to 
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the horizontal component in the P window, allowing the H/V ratio to give information about S-wave 
resonance, regardless of the signal window used. However, reliable H/V site responses can be 
obtained only when earthquakes are distributed around the seismic station at different distances. In 
fact, at larger epicentral distances, the inhomogeneous phases do affect both the H/V and the 
inversion site response. Recently, Parolai and Richwalski (2004) showed that the observed 
differences in the site responses obtained applying different techniques, can be attributed to the 
contribution of pure and converted waves.  
In conclusion, even if discrepancies exist between the site response estimates, the results show a 
good agreement on the frequency of the fundamental resonant peak. 
 
 
 
Figure 6.1 a). Similarities and differences between the estimated site responses obtained by the H/V method (blue 
line) and the inversion technique (red line) on earthquake recordings. The vertical black lines represent standard 
deviations. 
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Figure 6.1 b). Same as figure 6.1a), but for station CMP3.  
 
 
Figure 6.1 c). Same as figure 6.1a), but for station COL3. 
 
 90
 
Figure 6.1 d). Same as figure 6.1a), but for station CSG3. 
 
Figure 6.1 e). Same as figure 6.1a), but for station NSC3. 
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Figure 6.1 f). Same as figure 6.1a), but for station PGN3. 
 
 
Figure 6.1 g). Same as figure 6.1a), but for station PST3. 
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Figure 6.1 h). Same as figure 6.1a), but for station SCL3. 
 
Figure 6.1 i). Same as figure 6.1a), but for station SFL3. 
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Figure 6.1 j). Same as figure 6.1a), but for station SNR3. 
 
Figure 6.1 k). Same as figure 6.1a), but for station SRN3. 
 
 94
 
Figure 6.1 l). Same as figure 6.1a), but for station STN3. 
 
Figure 6.1 m). Same as figure 6.1a), but for station VDS3. 
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Figure 6.1 n). Same as figure 6.1a), but for station AND3. 
 
Figure 6.1 o). Same as figure 6.1a), but for station BEL3. 
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Figure 6.1 p). Same as figure 6.1a), but for station CLT3. 
 
Figure 6.1 q). Same as figure 6.1a), but for station LIO3. 
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Figure 6.1 r). Same as figure 6.1a), but for station RDM3. 
 
Figure 6.1 s). Same as figure 6.1a), but for station RSA3. 
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Figure 6.1 t). Same as figure 6.1a), but for station RSF3. 
 
Figure 6.1 u). Same as figure 6.1a), but for station TEO3. 
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Figure 6.1 v). Same as figure 6.1a), but for station VDP3. 
 
 
Figure 6.1 w). Same as figure 6.1a), but for station VULT. 
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For some seismic stations (CLT3, CMP3, COL3 and PST3) it was possible to calculate the transfer 
functions using a simple numerical modeling based on Thompson-Haskell propagator matrix 
method. In this method the ratios of the vertical and horizontal motions at the surface to the total 
amplitude of the plane wave incident in the botton layer, were obtained. These ratios are complex 
functions involving the frequency, the angle of incidence, and the thicknesses, velocities (P and S 
waves), quality factors, and densities of the layered crustal model.  
The velocity models were built by matching position and surface geology with P-, S-velocity and 
density profiles obtained from the database of the National Strong Motion Network (RAN) 
(Working Group ITACA (2008) - Data Base of the Italian strong motion data: 
http://itaca.mi.ingv.it). 
Figure 6.2 shows the transfer functions of the horizontal motion relative to the horizontal amplitude 
of incident motion for the plane layer model built for a generic site. Excitation is given by plane SH 
waves with four different incidence angles relative to the vertical. As expected, for small incidence 
angles, the amplitude is very high (for vertical incidence it would be infinite). For this ragion, 
incidence angle of 45° was imposed in the calculate of  transfer functions.  
The main advantage of this method is that in the cases where there are many layers, each will 
contribute with multiples or converted waves to the time range of interest.  
Figures 6.3 (a,b,c,d, e) show the response functions estimated by using different methods. The blue 
curve represents the spectral ratio obtained from the H/V method, the red curve represents the 
spectral ratio obtained from the inversion method and the green curve represents the transfer 
function computed by the Thompson-Haskell propagator matrix method.  
From the figures it can be noted that the obtained spectral ratios from the H/V method and those 
obtained from the Thompson-Haskell propagator matrix method, are similar in shape. These last 
ones showed a shift in frequency relative to the frequency peaks present in the inversion curves. 
However, both methods were consistent in estimating the fundamental resonance frequency, even if 
the level of amplification was very different. In particular, the level of amplification from the H/V 
method was always higher than that obtained by the others technique at frequencies lower than the 
fundamental on. 
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Figure 6.2. Transfer functions of horizontal motion. Excitation is given by plane SV waves with four different 
incidence angle relative to the vertical. 
 
 
 
Figure 6.3 a). Response functions estimated by using different methods. The blue curve represents the spectral 
ratio obtained by the H/V method, the red curve represents the spectral ratio obtained by the inversion method 
and the green curve represents the transfer function computed by Thompson-Haskell propagator matrix 
method. 
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Figure 6.3 b). Same as figure 6.3 a), but for station CMP3.  
 
 
Figure 6.3 c). Same as figure 6.3 a), but for station COL3. 
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Figure 6.3 d). Same as figure 6.3 a), but for station PST3. 
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Conclusions 
 
Site responses at stations of the ISNet network were estimated using different techniques. First, the 
available information of the local geology have been used to create some generalized sites classes, 
according to the European norm, Eurocode8 (EC8). The approach and geologic categories described 
in this thesis, result in a map, the QVTM site conditions map, that yields site conditions information 
for some units of the Campania-Lucania region. 
Obviously the accuracy of this site conditions map is limited by the amount available data. Clearly 
the map is expected to improve when more shear-wave velocity measurements and more analyses 
will be done. In particular, to further refine the map, detailed information on Quaternary and 
Volcanic units are needed in order to highlight significant variations in site response for mapped 
young sediments. However, the statewide the site classification map may provide a basis as is or in 
conjunction with other factors, for more precise characterisations of the site conditions in 
probabilistic seismic hazard calculations. 
In the present thesis, time-domain simulations were used to identify possible site effects at the 
seismic stations of the ISNet network, by comparing the observed and simulated peak ground 
motion parameters at a generic rock or a generic soil site. The predicted data were obtained both by 
using a attenuation relationship and without a attenuation relationship. The residual values  
measured at each station have provided a first-order measure of the site effect. The data have 
showed that the material properties near the surface in the Campania-Lucania region, can produce 
large modifications of the selected peak ground-motion parameters. In particular, the common 
assumption that the surface-rock site record represents the input motion at the base of the soil layers 
does not seem to hold in the case of the Mesozoic seismic stations. The observed relative 
amplification at rock sites in all the frequency bands, on the one hand may be due to a topographic 
effect, since many rock sites are located on mountains or hills, and on the other hand it may be 
caused by the weathered and fractured nature of near-surface materials. 
These results have suggested that techniques not requiring a reference site could provide more 
reliable estimates of the site effects at the ISNet stations. Therefore, the site responses were 
computed using two non-reference site methods: the non-linear inverse procedure based on the 
Simplex algorithm and the horizontal-to-vertical (H/V) method. 
In most of cases, the two techniques have provided site responses with similar shapes. Both 
methods were consistent in estimating the fundamental resonance frequency, even if the levels of 
amplification were very different. Several studies explain these significant differences as due to the 
contribution of pure and converted waves to the site response.   
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The site response factors, determined by averaging the site-amplification spectra obtained through 
the inversion method, were correlated with the local geology. Significantly different site-response 
factors were found for Tertiary and Mesozoic units. In general, the Tertiary units showed higher 
amplification than rock sites for frequency lower than about 4-5 Hz. Moreover, a good correlation 
between larger site response factors and lower average shear-wave velocity in the upper 30 m, has 
been found. The general similarity in these results with other studies suggest that the site 
amplification factors provide a useful correction for local amplification and can be incorporated into 
a rapid generation of peak ground motion maps to estimate the ground shaking over the region 
analyzed.  
These conclusions are based on three important assumption. First, the limitation to the observation 
data, assuming that 106 seismic events used are representative of what we can expect from future 
earthquakes in the Campania-Lucania region. Second, the accuracy of the site-response maps 
presented in this thesis depend on the large map scale, on the available geologic information, and on 
the available ground-motion data. Third, the limitation to observations from theCampania-Lucania 
region, affects the results for the Quaternary and Volcanic class due to lack of data for these sites. 
In conlcusion, the study presented in the thesis should be seen as guide for future investigations. 
Analyses using larger data sets of strong-motion observations and of shear-wave velocity 
measurements, are expected. Studies based on other significant factors, such as topography effects 
and other effects of shallow structures, are recommended. Moreover, numerical modelling to 
explain the differences in the results obtained using different techniques, should also be considered. 
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